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ABSTRACT In the aim to design small molecules capable of binding in vivo to albumin to form bioconjugates, a second generation 

GluCAB derivative(Glucose-Chelator-Albumin Bioconjugate) has been synthesized and studied for in vivo 64Cu-PET/CT imaging in 

breast cancer mice models together with its first-generation analogue. This series of radioligands - also capable of complexing ther-

apeutic isotopes and therefore classified as theranostic agents - are working on the principle of tumor targeting through the Enhanced 

Permeability and Retention (EPR) effect as well as glucose metabolism. GluCAB-2Mal, presented as an improved version of Glu-

CAB-1Mal, is a C-functionalized TE3A (1,4,8,11-tetraazacyclotetradecane-1,4,8-triacetate) containing a glucosyl moiety on its re-

maining secondary nitrogen atom and a C-functionalized linker terminating in a maleimide group for albumin capture. GluCAB-2NH2 

was used both as a “control” for in vivo studies and as the direct precursor of GluCAB-2Mal and/or [64Cu]Cu-GluCAB-2Mal. The direct 
64Cu-radiolabeling of both GluCAB-2NH2 and GluCAB-2Mal (produced as a ready-to-label kit) was highly successful with 99% labeling 

efficiency (0.4 equiv [64Cu]CuCl2, 0.01M PBS buffer, 30 min, 45 °C). Both the amine and maleimide 64Cu-labeled GluCAB deriva-

tives exhibited high serum stability with [64Cu]Cu-GluCAB-2Mal binding almost immediately (> 95%) to serum proteins. In vivo 

experiments for the comparison of biodistribution and tumor targeting between [64Cu]Cu-GluCAB-2NH2, [64Cu]Cu-GluCAB-2Mal and 

[64Cu]Cu-GluCAB-1Mal encompassed microPET/CT imaging and post-mortem biodistribution analysis in an allograft E0771 breast 

cancer mouse model. All three compounds exhibited hepatobiliary metabolism and excretion; however, while the amine-control 

compound was rapidly cleared from the blood, the two maleimide compounds indicated a prolonged biological half-life (6 - 8 h). 

Tumor uptake of [64Cu]Cu-GluCAB-2Mal was clearly evident in the microPET/CT images with 2 times and 4 times as much accumu-

lation as compared to [64Cu]Cu-GluCAB-1Mal and [64Cu]Cu-GluCAB-2NH2 respectively, with a tumor to muscle ratio up to a maximum 

of 5 after 24 h. Further comparison of [64Cu]Cu-Glu-CAB-2Mal to [64Cu]Cu-GluCAB-1Mal indicated a decrease in liver accumulation 

and improvement on liver clearance for GluCAB-2Mal. The second-generation GluCAB derivative, GluCAB-2Mal, therefore demon-

strates a clear advantage over the first GluCAB derivative for the development of an albumin-binding theranostic radioligand in terms 

of its ease of synthesis and radiolabeling, as well as exhibiting improved pharmacokinetics and tumor targeting capabilities.   

INTRODUCTION 

PET (Positron Emission Tomography) imaging, and especially 

PET linked to CT (computed tomography), has become the pre-

ferred technique for the diagnosis of numerous diseases such as 

cancers,1 but also Alzheimer disease,2 infection,3 inflamma-

tion,3hypoxia4or thrombosis5,6. PET/CT imaging, which uses 

positron (β+) emitting isotopes, has been found to have im-

proved sensitivity and spatial resolution with shorter scan times 

over the previously used SPECT (Single Photon Emission 

Computed Tomography) imaging.7 In clinical practice, the most 

widely used radioisotope is currently fluorine-18 incorporated 

into a glucose to form the diagnostic tracer, [18F]-FDG (2-de-

oxy-2-(18F)fluoro-D-glucose), for the functional imaging of 

highly metabolically active cells/tissues such as cancer.8 

However, the non-specific distribution of [18F]-FDG to other 

organs with high energy demands, such as brain, muscles and 

brown fat, has led to focused research into the development of 

new agents – radiopharmaceuticals/radioligands – capable of 

targeting tumors with high specificity and exhibiting high clear-

ance (metabolism and excretion) from the rest of the system. 

New radiopharmaceuticals designed for oncological purposes 

should also be specifically directed toward cancers cells to 

avoid unwanted radiation of healthy tissues and improve on 

over all patient dosimetry.9 The design and investigation of spe-

cific targeting radioligands represents an increasing research 

area that includes many differing approaches such as immuno-

targeting, peptide-targeting or exploitation of the tumor micro-

environment (Enhanced Permeability and Retention (EPR) ef-

fect). 

While immunotargeting and peptide-targeting (radiolabeled an-

tibodies or proteins/peptide specific to over-expressed cell sur-

face receptors) are the most specific and common targeting 

techniques, they have certain drawbacks, which include a high 

radiation dose to non-target organs as a result of the very long 

biological half-life and hence circulation time as well as their 

relatively slow accumulation in the tumor.10 These drawbacks 

also preclude the use of many radiolabeled antibodies for diag-

nosis since the most commonly used PET isotopes have 



 

half-lives that are too short to be compatible with antibodies and 

the time required for their accumulation. 

The EPR effect is another possible method to achieve a more 

targeted delivery of the radioligand with attached radionu-

clide.11 To realize this kind of targeting, the radioligand must 

have a total molecular weight greater than 40 kDa and is there-

fore attached to macromolecule to form a bioconjugate. Above 

this threshold, the bioconjugated radioligand will accumulate in 

the tumor environment because of the highly vascularized but 

poorly organized epithelial system that allows a macromolecule 

to extravasate across the vascular wall into the tumor environ-

ment.12,13 Such a radioligand, due to its size, will also generally 

avoid glomerular filtration by the kidneys and consequently 

have an prolonged biological half-life and therefore more time 

for tumor accumulation. The EPR effect is considered to be a 

“passive targeting” method that can be realized by using mac-

romolecular agents based on polymers, nanoparticles or pro-

teins. 

Besides the EPR “passive” effect, the targeting of cancerous 

cells can be enhanced by introducing a small molecule as “ac-

tive” targeting moiety on the radioligand. Small molecule active 

targeting, similar to immuno- and peptide-targeting, has high 

specificity for cell membrane receptors but generally exhibits 

faster in vivo target accumulation and better systemic clearance 

than the larger conjugates and is more non-immunogenic.14 For 

this purpose, a glucose group can be anchored to the chelator. 

Cancer cells have a distinct glucose metabolism compared to 

healthy cells, a phenomenon known as the Warburg effect,15 

and as such, glycosylated compounds have been shown to have 

an increased accumulation within tumors through overex-

pressed glucose associated transporters (GLUT).16,17,18 It is 

therefore possible that the targeting of the cancerous cells can 

be achieved in two successive steps. Firstly, the passive target-

ing assists with accumulation of the radioligand inside the tu-

mor environment, where secondly, the active targeting moiety 

can then bind to cancerous cells by the recognition of its specific 

receptors. 

Any targeting radioligand must, by definition, contain a radio-

nuclide. Radiolabeling can be done covalently to the recogni-

tion moiety using organic isotopes such as carbon-11 or fluo-

rine-18. However, these isotopes have very short half-lives (car-

bon-11 t1/2 = 20 min and fluorine-18 t1/2 = 110 min) and require 

complicated organic synthesis for their incorporation, which is 

not ideal. Radiolabeling using metal isotopes with more suitable 

half-lives is made much easier by conjugating the recognition 

moiety to a ligand able to complex the radionuclide. 

Amongst the most common β+ emitting metallic radionuclides, 

such as copper-64, gallium-68 and zirconium-89, the 64Cu-iso-

tope appears as the radiometal of choice to perform PET imag-

ing (t1/2 = 12.7 h, β+ 17.4%, Emax = 0.656 MeV, β- 39.6%, Emax = 

0.573 MeV). It has a low positron Emax providing a good image 

resolution and a half-life more suited for longer biological phe-

nomena.19 Although copper-64 can also be considered as a ra-

dionuclide with application for radiotherapy thanks to its β- 

emissions, and is gaining more use within this field, the 67Cu-

isotope remains a more suitable isotope for this purpose as a 

pure β- emitter with a longer half-life (t1/2  = 62.0 h, β- 100%, 

Emax = 0.577 MeV).20 Therefore, 64Cu and 67Cu arise as a prom-

ising theranostic pair especially tailored for personalized medi-

cine.  

Beside the targeting requirements for a radiopharmaceutical, 

the in vivo use of a copper radionuclides, as for other cationic 

radiometals, requires the chelation of the radionuclide by an ap-

propriate ligand able to form a thermodynamically stable and 

kinetically inert complex.21,22 The stability of the complex is re-

quired to avoid the transchelation by metalloproteins leading to 

an unfavorable biodistribution in non-target organs and a de-

creased tumor uptake.22 To this end, many chelating agents are 

under investigations, currently being applied in preclinical/clin-

ical trials or already FDA approved. Amongst these, N-func-

tionalized polyazacycloalkanes with coordinating acetate arms, 

such as NOTA (1,4,7-triazacyclononane-1,4,7-triaceticacid), 

DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraaceticacid), and TETA (1,4,8,11-tetraazacyclo tetrade-

cane-1,4,8,11-tetraacetic acid), are widely used thanks to their 

exceptional coordinating properties (Figure 1). 

 

 

Figure 1. Structure of NOTA, DOTA and TETA 

 

In previously published work, a similar tetraazamacrocycle was 

modified by two additional N-functionalized targeting groups 

to obtain GluCAB-1Mal (glucose-chelator-albumin bioconju-

gate) (Figure2).23 The proposed theranostic precursor agent is a 

chelating macrocycle functionalized with an active targeting 

glucosyl moiety and an alkyl linker terminating in a maleimide 

group that, after binding in vivo to circulating endogenous hu-

man serum albumin (HSA), furnishes the full active GluCAB 

bioconjugate, efficient for an initial accumulation via the EPR 

effect. HSA is the most abundant serum protein, its molecular 

weight is 66.5 kDa and its half-life is 19 days making it very 

stable in the context of an EPR effect agent.24 Additionally, 

HSA is currently used as a protein carrier in the development of 

new targeting agents and albumin based macro-aggregates are 

already approved by the FDA for use in cancer treatments.25,26,27 

A common way to attach a small molecule to albumin is through 

a Michael addition of a maleimide to the free thiol group of the 

cysteine found in position-34 of the protein.24,25 

For copper complexation, the cyclam backbone was selected as 

the most appropriate since the cavity is better suited for this cat-

ion with highly stable and inert complexes being formed;28,29 

it also appeared to be the most tunable platform considering all 

the recent successful studies in 64Cu-PET imaging using 

cyclam-based chelators.30,31,32,33,34,35 The approach to 

Glu-CAB-1Mal was to use the cyclam platform functionalized 

with two acetate arms, namely TE2A. Although other cyclam 

derivatives have proved to be more suitable for the application, 

TE2A presented the advantage of being a decent copper(II) che-

lator,36 while offering two remaining secondary amines that 

could be functionalized (Figure 2) for passive and active target-

ing.37 Furthermore, the synthesis of TE2A is rather simple and 

well-described in literature.34 



 

 

Figure 2. Structure of TE2A-chelator based GluCAB-1Mal and of 

the envisaged TE3A-chelator based GluCAB-2Mal 

 

However, access to GluCAB-1Mal was not simple, the secondary 

amine functions of the TE2A precursor (its tert-butyl diester de-

rivative) being equivalent. A delicate statistical functionaliza-

tion of these latter amines with the targeting groups was re-

quired leading to difficult purifications and poor yields. Never-

theless, the radiolabeling of this ligand with copper-64 was ac-

complished with high labeling efficiency and radiochemical pu-

rity (>98%) and the in vivo behavior of the [64Cu]Cu-Glu-

CAB-1Mal was quite attractive showing a binding to circulating 

albumin by microPET/CT imaging and biodistribution analysis 

in healthy mice (biological half-life of 6 - 8 h) as compared to 

the control [64Cu]Cu-GluCAB-1NH2.  

Besides the challenging synthesis of GluCAB-1Mal, other limi-

tations included the radiolabeling conditions  in acidic medium 

at a high temperature with prolonged heating ([64Cu]CuCl2; 

0.1M NH4OAc; pH 3.5; 90˚C; 30 min) that are not compatible 

with all applications. Additionally, while most of 

[64Cu]Cu-GluCAB-1 was excreted after 24 hours, a high liver 

activity indicated potential release of free 64Cu ions from the 

complex or transchelation to metalloenzymes. An alternative 

consideration for the high liver activity was that the neutral 

charge of the complex was delaying metabolism and excretion 

as compared to a negatively charged complex.38 

These findings urged improvements to be made to the ligand 

design to achieve milder radiolabeling conditions as well as a 

negatively charged and more inert radiocomplex. Conse-

quently, GluCAB-2Mal (Figure 2) was envisaged - a more so-

phisticated cyclam platform capable of being more easily mod-

ified as compared to GluCAB-1Mal - to address the limitations 

of the original structure. 

Therefore, presented here is the efficient synthesis of Glu-

CAB-2Mal based on an alternative, more convenient design ap-

proach to macrocycle functionalization as previously described 

for the synthesis of protected C-functionalized cyclams with 

one additional grafting aniline moiety.39,40 GluCAB-2Mal was 

synthesized from a tri-acetate cyclam derivative bearing a para-

aminobenzyl group on one carbon atom in a single β-N position 

of the macrocycle,40,41 namely aniline-TE3A. This macrocycle 

was expected to lead to a faster radiolabeling, an increased sta-

bility and inertness and a negatively charged complex compared 

to TE2A. Additionally, the aniline-TE3A scaffold allowed for 

easy introduction of the targeting functions onto the single 

available secondary amine of the cyclam or onto the primary 

amine of the aniline group. 

Following the synthesis and radiolabeling of GluCAB-2Mal, the 

in vivo characterization of [64Cu]Cu-GluCAB-2Mal is further re-

ported herein and included microPET/CT imaging and biodis-

tribution studies in a murine breast cancer allograft mouse 

model. The corresponding non-conjugable amine precursor of 

GluCAB-2Mal, called GluCAB-2NH2, was used as a control to 

provide a comparison for highlighting the albumin conjugation. 

Furthermore, the tumor-targeting potential of the previously 

synthesized [64Cu]Cu-GluCAB-1Mal was also investigated in 

this same rodent cancer model in order to provide a complete 

comparison of the two  GluCAB derivatives to each other, and 

these results are detailed.   

 
RESULTS AND DISCUSSION 

Synthesis of GluCAB-2 

The synthesis of GluCAB-2 requires the full control of the re-

giospecific N-functionalization of the C-functional cyclam 

core. In a previous work, we reported the synthesis of the 

N-benzylated p-NH2-Bn-cyclam 1.41 This compound can be 

considered as a mono-N-protected, C-functionalized cyclam 

that is a valuable precursor for the tri-N-alkylation of the re-

maining secondary nitrogen atoms. The first step of the synthe-

sis consists of the alkylation of the three secondary nitrogen at-

oms of compound 1with tert-butylbromoacetate as precursor of 

the acetate functions (Scheme 1). The alkylation was performed 

at low temperature with a slight default of the electrophilic rea-

gent to avoid, as much as possible, the alkylation of the less 

reactive primary amine of the aniline function. The reaction was 

followed by mass spectroscopy until the appearance of a small 

quantity of the tetra-N-alkylated product. The reaction mixture 

was purified by column chromatography to obtain compound 2 

with a good yield (58%). The benzyl group of 2 was then re-

moved by catalytic hydrogenolysis to quantitatively give the tri-

N-alkylated compound 3 with only one secondary nitrogen 

atom available for a further functionalization. Characterization 

data and spectroscopic spectra for each intermediate are given 

in the SI. In order to introduce the glycosylated function on the 

cyclam core of 3, we chose 10-bromodecyltetra-O-benzoyl--

D-glucopyranoside previously described.42 Because of the weak 

reactivity of this reagent due to the fatty chain, the nucleophilic 

substitution reaction had to be performed in CH3CN under re-

flux for four days but, even in these harsh conditions, the nitro-

gen atom of the aniline was not alkylated. Glycosylated com-

pound 4 was obtained after purification by column chromatog-

raphy (Al2O3; CHCl3/MeOH 100:0 to 95:5) with a good yield 

(68%). The subsequent one-pot removal of both acetate and 

benzoyl groups of 4 was performed in a mixture of aqueous 

KOH (1M) and EtOH (1:1). The purification of the crude prod-

uct on reverse phase C18 HPLC led with 50% yield to the direct 

“amino” precursor of GluCAB-2Mal that is noted as Glu-

CAB-2NH2. The overall yield of the synthesis was satisfying 

with 19% over 4 steps. The subsequent step involving the link-

age of the maleimide group leading to GluCAB-2Mal would be 

investigated and performed at the last moment due to its previ-

ously described sensitivity, especially towards nucleophiles.  



 

 

Radioligand preparation, stabilities and protein binding 

64Cu-labeling of GluCAB-2NH2 
In order to determine optimal 64Cu-labeling conditions for the 

newly synthesized and designed radioligand, it was firstly de-

cided to radiolabel GluCAB-2NH2 with [64Cu]CuCl2 (1 equiv) as 

a model, according to the method used for GluCAB-1NH2 with 

an incubation time of 30 minutes in a 0.1M NH4OAc buffer at 

pH 3.5 at 90 °C. Under these conditions this ligand was radio-

labeled quantitatively (99% labeling efficiency (LE) and radio-

chemical purity (RCP)). Subsequent 64Cu-radiolabeling experi-

ments were performed in a 0.01M PBS buffer at pH 7.4 to de-

termine the success of the GluCAB-2 design for milder labeling 

conditions as compared to GluCAB-1.  Radiolabeling of Glu-

CAB-2NH2 in the PBS buffer at 45 °C for only 20 minutes 

yielded the same results (99% LE and RCP), thereby proving 

that GluCAB-2 allows for radiolabeling in mild and physiolog-

ically suitable conditions. 

Maleimide coupling reaction  
Two approaches were considered to obtain the radiocomplex 

[64Cu]Cu-GluCAB-2Mal from GluCAB-2NH2. Method A (post-

labeling conversion) consisted of first carrying out 64Cu-label-

ing of GluCAB-2NH2 and then coupling with maleimide deriva-

tive (4-maleimidobutyric acid NHS-ester), whereas method B 

(pre-labeling conversion) involved the two steps in the reverse 

order, first grafting of the maleimide and then radiolabeling 

(Scheme 2). The two approaches were investigated to determine 

the ease of maleimide coupling and the sensitivity of the malei-

mide to the milder PBS radiolabeling conditions. The 

[64Cu]CuCl2 radiolabeling of GluCAB-2NH2 with respect to 

method A was easily performed in PBS as previously described, 

in mild conditions and in a wide pH range, to lead to 

[64Cu]Cu-GluCAB-2NH2. Unfortunately, all attempts to proceed 

to the complete grafting of the maleimide derivative failed and 

a maximum conversion of 60% from [64Cu]Cu-GluCAB-2NH2 to 

[64Cu]Cu-GluCAB-2Mal was obtained. Method A was therefore 

deemed inappropriate for continuation to further in vivo exper-

iments.  

Method B was then investigated that started with the condensa-

tion reaction between GluCAB-2NH2 and the maleimide deriva-

tive. The optimized reaction performed in a PBS buffer at 45 °C 

was monitored by following the reaction at room temperature 

in a NMR tube using 1H NMR spectroscopy (Figure 3, left). The 
1H NMR spectroscopy followed the disappearance of the two 

doublets corresponding to the equivalent aromatic protons of 

the aniline group of GluCAB-2NH2 in favor of the two new dou-

blets of GluCAB-2Mal. The integration of these signals allowed 

for estimating that 90% of GluCAB-2NH2 was converted to Glu-

CAB-2Mal after incubation for 90 minutes. The crude product 

obtained from the reaction at 45 °C was purified through a solid 

phase extraction (SPE) C18 cartridge using 50% ethanol in wa-

ter. GluCAB-2Mal was then dried, dissolved again in the appro-

priate amount of PBS and lyophilized pending further use.  
64Cu-labeling of GluCAB-2Mal using [64Cu]CuCl2 (0.4 equiv) 

was performed in a PBS buffer for 30 minutes at 45 °C. The 

radio-HPLC chromatogram (Figure 3, right) showed that 

[64Cu]Cu-Glu-CAB-2Mal represents approximately 90% of the 

radioactivity (blue peak) compared to some remaining uncon-

verted [64Cu]Cu-GluCAB-2NH2 (green peak) with less than 4% 

of the total radioactivity. The red area between these two peaks 
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Scheme 1. Synthesis of GluCAB-2NH2, the direct “amino” precursor of GluCAB-2Mal 

 



 

can be attributed to a compound in which the maleimide func-

tion has been hydrolyzed. Nevertheless, the radio-HPLC chro-

matogram showed no trace of free 64Cu-activity in the sample, 

evidence of the quantitative radiolabeling in these conditions, 

even after the maleimide moiety coupling. 

The synthesis of GluCAB-2Mal followed by 64Cu-radiolabelling 

under mild physiological conditions facilitates the production 

of this radioligand as a “ready-to-label”, one vial kit. This con-

stitutes a clear advantage compared to GluCAB-1Mal but also to 

several existent radioligands in terms of future development of 

the compound for clinical use. 

EDTA challenge of [64Cu]Cu-GluCAB-2NH2 
Copper-64 has been proven to form highly stable and inert com-

plexes with cyclam derivatives; however, this property still 

needs to be investigated for any new complexes. The kinetic 

inertness and thermodynamic stability of the 

[64Cu]Cu-Glu-CAB-2NH2 complex was therefore evaluated by 

determining the extent of isotope transchelation with 5 times 

and 25 times molar excess of ethylenediaminetetraacetic acid 

(EDTA) in 0.01 M PBS at pH 7 over 2 h at room temperature.  

[64Cu]Cu-GluCAB-2NH2 proved to be completely stable over 

this time period and no formation of [64Cu]Cu-EDTA was 

noted. 

 

 

Scheme 2. Methods A and B used to synthesize [64Cu]Cu-GluCAB-2Mal; i) [64Cu]CuCl2 (0.4 equiv), 0.01M PBS, 45 °C, 30 min; 

ii) NHS-Maleimide (5 equiv) in DMF, 0.01M PBS, 45 °C, 90 min; iii) NHS-Maleimide (2 equiv), 0.01M PBS, 45 °C, 90 min. 

 

Figure 3. 1H NMR spectroscopic monitoring of maleimide coupling reaction on GluCAB-2NH2 (left). Radio-HPLC chromato-

gram of [64Cu]Cu-GluCAB-2Mal (right). 

 



 

Protein binding and serum stability of [64Cu]Cu-GluCAB-2NH2 

and [64Cu]Cu-GluCAB-2Mal 
[64Cu]Cu-GluCAB-1Mal was previously reported to be about  

90% protein bound and exhibited high serum stability over 24 

h at 37 ˚C.23 These results were in line with the design of the 

compound to include the maleimide functionality for in vivo al-

bumin-binding. The protein binding and serum stability studies 

were replicated for [64Cu]Cu-GluCAB-2NH2 and 

[64Cu]Cu-Glu-CAB-2Mal. The 64Cu-compounds were incubated 

in human serum at 37 °C for 24 h with sampling and analysis 

done immediately after addition of the tracers to the serum as 

well as at 1, 2 and 24 h after addition (Figure 4).  

 

 

Figure 4. Serum Protein binding analysis for [64Cu]-GluCAB-2NH2 

and [64Cu]Cu-GluCAB-2Mal over 24 h. 

 

Similarly to [64Cu]Cu-GluCAB-1Mal, [64Cu]Cu-GluCAB-2Mal 

was rapidly bound to serum proteins (92%) and exhibited 98% 

binding after the 24 h period confirming the anticipated protein 

binding as a result of the maleimide group. Interestingly, alt-

hough some protein binding as a result of non-specific protein 

interactions was expected for [64Cu]Cu-GluCAB-2NH2 since the 

amine precursor of GluCAB-1 exhibited 30% binding, the per-

centage [64Cu]Cu-Glu-CAB-2NH2 that was protein bound 

(45 – 70% in 24 h) was much higher than expected. The possible 

non-specific protein interactions include hydrogen bonding, hy-

drophobic interactions and charge interactions. The charge in-

teractions are the most likely cause of increased protein binding 

for [64Cu]Cu-GluCAB-2NH2 since the terminal amine would be 

protonated under physiological conditions, but also the im-

proved GluCAB-2 chelator contains a third acetate arm (nega-

tively charged) which does not participate in isotope complex-

ation and is therefore accessible for non-specific binding.  The 

serum stability analysis for [64Cu]Cu-GluCAB-2NH2 indicated 

excellent ligand robustness and complex stability in serum over 

the 24 h period as no increase in free copper-64 or complex deg-

radation products was noted. The majority of 

[64Cu]Cu-Glu-CAB-2Mal was protein bound which precluded 

serum stability analysis for ligand degradation products; how-

ever, no increase in free copper-64 was noted thereby indicting 

stability of the complex to demetallation. 

 

In vivo experiments in tumor mice 

Previous in vivo studies (microPET/CT imaging and biodistri-

bution in healthy mice) using [64Cu]Cu-GluCAB-1Mal and 

[64Cu]Cu-Glu-CAB-1NH2 as a control confirmed the prolonged 

biological half-life (6 – 8 h) of the compound, afforded by bind-

ing of the maleimide, to albumin in vivo.23 These results also 

indicated an increased liver accumulation and slow excretion 

through the hepatobiliary pathway; however, most of 

[64Cu]Cu-GluCAB-1Mal was excreted within 24 h. The design of 

GluCAB-2Mal, besides synthesis and radiolabeling challenges, 

was aimed at addressing the in vivo limitations of GluCAB-1Mal 

by providing a stable, negatively charged complex to improve 

liver clearance and furthermore provide good tumor targeting. 

[64Cu]Cu-GluCAB-2Mal and [64Cu]Cu-GluCAB-2NH2 (Figure 5) 

as the control were investigated in syngeneic (allograft tumor 

model) mice to confirm the ability of the maleimide to bind al-

bumin in vivo and to evaluate tumor targeting through the EPR 

effect. Simultaneously, the capacity of the glucose moiety alone 

to target tumor cells would be evaluated. These results were 

then compared to the tumor targeting capability of 

[64Cu]Cu-GluCAB-1Mal in the same syngeneic mouse model. 

 

 

Figure 5. Structure of the radiopharmaceuticals used for in vivo 

studies (top: [64Cu]Cu-GluCAB-1Mal; bottom left: control 

[64Cu]Cu-GluCAB-2NH2; bottom right: [64Cu]Cu-GluCAB-2Mal). 

 

A syngeneic (allograft), orthotopic tumor mouse model is de-

veloped by growing mouse tumor cells in the same tissue of 

origin and in the same strain of immune-competent mice from 

which the tumor originated.43 The advantages of using an allo-

graft tumor model include cost-effectiveness, effortless implan-

tation and more reproducible experimental tumor histology and 

growth rate.44 The orthotopic allograft model used for this study 

was C57/BL6 mice inoculated with E0771 murine breast cancer 

cells into the mammary fat pad. The E0771 cell line has been 

commonly used for modelling of breast cancer,45 as an elegant 

model for the measurement of glucose uptake and has demon-

strated growth in fat pads of tumors that are highly vascularized 



 

(a prerequisite to study EPR effect);46,47 i.e. it will provide an 

effective model for proof of principal for possible tumor target-

ing using the GluCAB compounds. 

 
PET imaging studies 

Intravenous administration of [64Cu]Cu-GluCAB-1Mal, 

[64Cu]Cu-GluCAB-2Mal and [64Cu]Cu-GluCAB-2NH2 (7-10 

MBq; ± 20 nmol) to E0771 allograft C57/BL6 mice resulted in 

no adverse effects and sequential microPET/CT imaging of the 

injected mice was conducted over a 24 h period. Maximum in-

tensity projection (MIP) images at 1, 2, 6 and 24 h allowed for 

a visual comparison of the biodistribution of the three 64Cu-

compounds (Figure 6) while standard uptake values (SUV 

(g/mL)) and volumes-of-interest (VOI) provided image-guided 

quantification of the activity in the organs for all three com-

pounds and allowed for time-activity-curves to be drawn (Fig-

ure7). The data for the control, [64Cu]Cu-GluCAB-2NH2, indi-

cated rapid metabolism and excretion of the compound through 

the liver with high activity seen in the gallbladder and intestines 

within 6 h post-injection (p.i.) (max SUV ~5-6 g/mL at 1-2 h 

p.i.). As expected, no tumor accumulation of [64Cu]Cu-Glu-

CAB-2NH2 was visible at any point and at 24 h p.i. most of this 

compound was systemically cleared by the animal. 

 

Figure 6: Representative Maximum Intensity Projection microPET/CT images of E0771 breast cancer allograft C57/BL6 mice 

following injection with (A) [64Cu]Cu-GluCAB-2NH2, (B) [64Cu]Cu-GluCAB-1Mal and (C)[64Cu]Cu-GluCAB-2Mal at 1, 2, 6, 

and 24 h post-injection (n = 3). (T = E0771 tumor; H = heart; L = liver; G = gall bladder; I = intestines). Normalized scale bar 

0 – 4 kBq/mL 

 



 

[64Cu]Cu-GluCAB-1Mal and [64Cu]Cu-GluCAB-2Mal MIP im-

ages revealed a high presence of the compounds in the cardio-

vascular system (clear visualization of the myocardium) and 

analysis of the blood pool indicated an exponential decrease of 

the circulating activity over time with the biological half-life for 

[64Cu]Cu-GluCAB-1Mal and [64Cu]Cu-GluCAB-2Mal calculated 

to be between 6 – 8 h which is corresponding to results of pre-

vious study regarding the [64Cu]Cu-GluCAB-1Mal pharmacoki-

netics in healthy mice. A much slower metabolism and excre-

tion through the liver and intestines was noted for 

[64Cu]Cu-GluCAB-1Mal and [64Cu]Cu-GluCAB-2Mal  with SUV 

values of approximately 2 g/mL and 1 g/mL in the liver, respec-

tively between 2 – 6 h p.i. The [64Cu]Cu-GluCAB-2Mal exhibited 

 

Figure 7: Time-activity-curves for the organs of interest (intestines, liver, heart, tumor and muscle) over 24 h period derived 

from SUV (g/mL) and VOI-analysis of sequential micro-PET/CT images of E0771 tumor bearing mice (n = 3) injected with (♦) 

[64Cu]Cu-GluCAB-2NH2, (▲) [64Cu]Cu-GluCAB-1Mal and (■) [64Cu]Cu-GluCAB-2Mal. Results are expressed as mean ± standard 

deviation. 

 



 

significantly lower liver accumulation than [64Cu]Cu-Glu-

CAB-1Mal at all-time points (p < 0.05, except at 6 h, p = 0.07). 

A significant organ washout (p < 0.05) from 6 h to 24 h was 

noted for all organs although the [64Cu]Cu-GluCAB-1Mal activ-

ity remaining in the liver at 24 h was still significantly higher 

(p < 0.01) than the [64Cu]Cu-GluCAB-2Mal. The activity in the 

muscle for all three compounds was minimal (SUV < 0.15) alt-

hough a significant difference (p < 0.05) was still noted between 

the experimental groups and the control group as a result of 

higher activity remaining in the blood pool. A clear visual dif-

ference was seen between the tumor uptake of [64Cu]Cu-Glu-

CAB-1Mal and [64Cu]Cu-GluCAB-2Mal. Whilst [64Cu]Cu-Glu-

CAB-1Mal-microPET/CT showed minimal tracer accumulation, 

the tumors of mice following [64Cu]Cu-GluCAB-2Mal-mi-

croPET/CT were clearly delineated  from background radioac-

tivity as early as 1 h p.i. with the maximum tissue concentration 

(0.6 g/mL) obtained at 6 h (p.i.). [64Cu]Cu-GluCAB-2Mal-mi-

croPET/CT also provided information concerning the tracer up-

take within the E0771 tumors (Figure 7C, marked T) presenting 

as a solid uniform mass on CT in all 4 scans; however, the PET 

signal intensity suggests a more heterogeneous tumor tissue dis-

tribution. In particular for PET signal intensity acquired at 1, 2 

and 6 h followed a similar uptake pattern within the tumor tissue 

including areas of  very low tracer presence -  equal or less to 

the surrounding tissue (i.e. yielding T/NT ≤1.0) whereas other 

areas of the tumor can be clearly delineated from non-patholog-

ical tissue  (any T/NT ≥1.0).  This is not unexpected as the in-

tratumoral distribution (over time) of [64Cu]Cu-GluCAB-2Mal 

markedly occurs due to the actual tumor microenvironment. It 

has been proposed that the diversity and degree of tumor perfu-

sion depends on altered angiogenic responses to metabolic sig-

nals that normally regulate the structure of the blood distribu-

tion network. These abnormal responses may include addition 

of new microvessels in parallel to low resistance circuits and 

lengthening of existing microvessels in high resistance circuits.  

Hence,48 tumor growth and perfusion are ultimately limited by 

the architecture of the existing arteriolar network. More im-

portantly, this level of perfusion can also render the fate of de-

livery for drugs or radiopharmaceuticals in particular;49 how-

ever [64Cu]Cu-GluCAB-2Mal-microPET/CT may  be a valuable 

technique to visualize these alterations in tumor microenviron-

ment also produced by EPR.  

The tumor tissue expression as average SUV  allowed illustrat-

ing E0771 tumor uptake quantification by way of time-activity-

curves for [64Cu]Cu-GluCAB-2Mal  which seemed approxi-

mately 4 times higher than for the control and 2 times higher 

than [64Cu]Cu-GluCAB-1Mal.  Again, likely due to the heteroge-

neity of the PET signal intensity within each tumor and across 

the individual E0771 tumors/ group the only significant differ-

ence (p = 0.01 for [64Cu]Cu-GluCAB-2NH2 and p = 0.05 for 

[64Cu]Cu-GluCAB-1Mal) was noted at 6 h p.i. The differences of 

the time-activity-curves comparing [64Cu]Cu-GluCAB-2NH2 

and [64Cu]Cu-Glu-CAB-1Mal  were insignificant.  

The tumor to muscle (T/M) ratio for [64Cu]Cu-GluCAB-2Mal in 

the first six hours averaged around 3.5 but increased to 4.8 after 

24 hours; [64Cu]Cu-GluCAB-1Mal T/M ratio was 1.5 between 

1 - 2 h and increased to 2.5 after 24 h; the total  uptake of 

[64Cu]Cu-GluCAB-2NH2 in the tumor was not high enough to 

delineate the tumor from surrounding tissue, such as muscle.  

[64Cu]Cu-GluCAB-2Mal therefore clearly demonstrated im-

proved tumor accumulation over [64Cu]Cu-GluCAB-1Mal. 

 

Post-mortem Biodistribution studies 
The post-mortem/ex vivo biodistribution for [64Cu]Cu-Glu-

CAB-2NH2, [64Cu]Cu-GluCAB-1Mal and [64Cu]Cu-GluCAB-2Mal 

was determined 24 h p.i. following the final microPET/CT im-

age acquisition (Figure 8). The decay-corrected percentage ac-

tivity residing in the organs was greatly reduced and correlated 

with the systemic clearance of the compounds as demonstrated 

by image-guided biodistribution. The maximum activity for 

[64Cu]Cu-GluCAB-2NH2was present in the large intestine (4.2 

%ID/g), followed by the liver (3.2 %ID/g) with all other organs 

demonstrating < 2 %ID/g. The tumor presented with activity of 

 

Figure 8: Comparison of the ex vivo biodistribution of [64Cu]Cu-GluCAB-2NH2, [64Cu]Cu-GluCAB-2Mal and [64Cu]Cu-GluCAB-1Mal in 

E0771 allograft C57/BL6 mice at 24 h p.i. (Data is presented as an average % ID/g for 5 animals ± SD)(*** = p < 0.001; ** = p < 0.01; 

* = p < 0.05) 

 



 

1.4 %ID/g. The maleimide compound, [64Cu]Cu-GluCAB-2Mal, 

indicated maximum activity remaining in the plasma (10.0 

%ID/g) with half of that in the liver (5.0 %ID/g), tumor (4.6 

%ID/g) and lungs (4.4 %ID/g). All other organs of mice admin-

istered with [64Cu]Cu-GluCAB-2Mal demonstrated < 3 %ID/g. 

Maximum activity presented in the liver and plasma of mice 

administered with [64Cu]Cu-GluCAB-1Mal (4.0 %ID/g and 3.9 

%ID/g, respectively), followed by the large intestine (2.6 

%ID/g) and all other organs (< 1.6 %ID/g). The average tumor 

activity for [64Cu]Cu-GluCAB-1Mal was only 0.9 %ID/g. 

The significant difference (p < 0.001) between the activity re-

maining in the plasma of the maleimide compounds as com-

pared to the amine-control compound is as a result of the bind-

ing of these compounds to albumin thereby prolonging the com-

pound circulation time. In-line with the image-guided biodistri-

bution, the activity in the liver of [64Cu]Cu-GluCAB-2Mal in-

jected mice is approximately half of that remaining in the 

plasma while for [64Cu]Cu-GluCAB-1Mal the liver and plasma 

activity were approximately equal. This demonstrates the effec-

tiveness of the GluCAB-2Mal design to improve on liver clear-

ance . The higher presence of activity in the organs of mice ad-

ministered with [64Cu]Cu-GluCAB-2Mal, especially the well 

perfused organs, is as a result of the higher presence of the com-

pound remaining in the blood. The activity remaining in the 

liver and large intestine for all three compounds is consistent 

with the identified hepatobiliary excretion for larger, more lip-

ophilic complexes. The activity measured in the tumors after 24 

h is consistent with the conclusions drawn from the mi-

croPET/CT images. Firstly, the tumor accumulation for 

[64Cu]Cu-GluCAB-2NH2 and [64Cu]Cu-GluCAB-1Mal is very 

low (< 1.5% ID/g) indicating minimal tumor targeting; and sec-

ondly, the increased tumor accumulation and targeting for 

[64Cu]Cu-GluCAB-2Mal is highly significant compared to the 

other compounds (p < 0.05) and to the muscle (p < 0.001).  Vis-

ual examination of the excised tumors verified some heteroge-

neity to the tumors in terms of the amount of vascularization 

and location of blood pooling which would influence the stand-

ard deviation in the %ID/g for the tumors.  

 

CONCLUSION 

In light of the current and major concern to develop new radio-

pharmaceuticals and radioligands for diagnosis and therapy of 

diseases (theranostics), and given the fact that copper is a major 

player in this area thanks to its two radioisotopes,copper-64 and 

-67,offering access to both diagnostic and radiotherapeutic ca-

pabilities, we present here a second step in the development of 

a series of new, targeting theranostic agents for oncological pur-

poses. The GluCAB derivative, GluCAB-2Mal (tumor targeting 

based on in vivo binding to circulating albumin with tumor lo-

calization by the EPR effect as well as glucose metabolism) pre-

sented here, is designed to be an improvement on the first gen-

eration derivative, GluCAB-1Mal, in terms of: ease and effi-

ciency of synthesis; milder radiolabeling conditions; decreased 

liver accumulation and improved liver clearance; and demon-

strated improved tumor targeting. 

GluCAB-2Mal was obtained following an efficient and improved 

synthesis procedure, as compared to the previous GluCAB-1Mal 

via aTE3A-C-functionalised cyclam platform. Following the 

synthesis of GluCAB-2Mal, the radiolabeling using copper-64 

was completed to yield [64Cu]Cu-GluCAB-2Mal with a high la-

beling efficiency and radiochemical purity under physiological 

radiolabeling conditions making possible the future “kit” pro-

duction for radiolabeling in clinics. In vivo analysis proved 

[64Cu]Cu-GluCAB-2Mal to have a comparable circulation time 

to [64Cu]Cu-GluCAB-1Mal but with superior liver metabolism 

and excretion, consistent with a negatively charged complex. 

Overall, it can be easily concluded that the aim of the improved 

design of this second generation GluCAB theranostic agent was 

realized and further works are in progress to adapt this GluCAB 

concept design for complexation with other copper radioiso-

topes and possibly other clinically useful radionuclides, leading 

to high performing, ready-to-label kits of new albumin-biocon-

jugate glucosyl theranostic agents. 

 

EXPERIMENTAL SECTION 

Material and methods 
Reagents were purchased from ACROS Organics, TCI, ALDRICH 

Chemical Co. Compound 1 was synthesized as previously de-

scribed(1H and 13C NMR spectra in ESI).36 NMR data were rec-

orded at the “Services communs” of the University of Brest. 1H and 
13C NMR spectra were recorded with Bruker Avance 500 (500 

MHz) or Bruker AMX-3 300 (300 MHz) spectrometers. The δ 

scales are relative to TMS (1H, 13C). The signals are indicated as 

follows: chemical shift, multiplicity (s, singlet; br s, broad singlet; 

d, doublet; t, triplet; m, multiplet), coupling constants J in hertz 

(Hz), assignment: CHn--N or CHn--N (n= 1 or 2) correspond to 

CH or CH2 located in alpha or beta position of considered nitrogen 

atom, type of nuclei is indicated in italic; Ar is a generic term used 

in subscript for all H or C aromatic atoms; Ph is the abbreviation 

for C6H5 group, PhNH2 corresponds to the aromatic group of the 

functionalization; Glu is an abbreviation for the glucosyl moiety; 

ano is attributed to H or C atoms in anomeric position; Bz corre-

sponds to benzoyl group. HRMS spectra were recorded at the 

HRMS platform of the University of Orleans, France (FR 2708 

CBM-ICOA). 

All buffers and solutions used during radiolabelling were prepared 

according to standard methods using Milli-Q grade water 

(>18MΩ/cm). For investigation of ligand radiolabelling condi-

tions,[64Cu]CuCl2 in 0.1M HCl (molar activity 115MBq/µmol) was 

obtained from the South African Nuclear Energy Corporation 

(Necsa). [64Cu]CuCl2 in 0.1M HCl (1GBq/mL) was kindly pro-

vided by RAPID Laboratory (Perth, Australia) for use during in 

vivo studies. [64Cu]Cu-GluCAB-1Mal, synthesized and radiolabeled 

as previously described,23 was obtained from Radiochemistry De-

partment, Necsa. In vivo studies were performed at the Nuclear 

Medicine Research Infrastructure (NuMeRI) – Pre-Clinical Imag-

ing Facility (PCIF) based at Necsa. All radiolabelled solutions were 

purified using a Sep-Pak Light C-18 cartridge (Waters Corporation, 

Milford, MA, USA) pre-conditioned with EtOH (4 mL) and water 

(2 mL). Kit product vials were lyophilized using a Christ Alpha I-

5, Type 1050 freeze-drier (MedizinischeApparatebau, Harz, Ger-

many). 

Experimental synthesis protocols and spectroscopic data of 

compounds 

Compound 2 

A solution of tert-butyl bromoacetate (443 mg, 2.27 mmol) in dry 

CH3CN (2.5 mL) was added dropwise, over a period of 12h, to the 

suspension of compound 1 (321 mg, 0.81 mmol) and K2CO3 (560 

mg, 4.05 mmol) in dry CH3CN (20 mL) at -15°C. The solution was 

stirred 6 h after the completion of the addition. The mixture was 

then filtrated and the solvent was evaporated under reduced pres-

sure. The crude product was purified by column chromatography 

on neutral aluminum oxide (CH2Cl2/MeOH 100:0 to 95:5) to afford 

compound 2 as a colorless oil (344 mg, 58%). 1H NMR (300 MHz, 

CDCl3, 25°C) δ 7.35-7.15 (m, 5H, CHArPh), 6.95 (d, J = 8.1 Hz, 



 

2H, CHArPhNH2), 6.58 (d, J = 8.1 Hz, 2H, CHArPhNH2), 3.65-3.35 

(m, 4H) 3.26 (s, 2H, CH2--CO), 3.22(s, 2H, CH2--CO) , 3.17 (s, 

2H, CH2--CO), 2.85-2.35 (m, 18H), 1.90 (m, 1H), 1.70-1.50 (m, 

2H), 1.50-1.30 (m, 27H, CH3). 13C Jmod NMR (75 MHz, CDCl3, 

25°C) δ [171.4, 171.3, 171.1] (CO), [144.0, 140.0, 131.3] (CAr), 

130.1 (CHArPhNH2), [128.9, 128.1, 126.7] (CHArPh), 115.1 (CHAr 

PhNH2), [80.6, 80.5, 80.4] (C(CH3)3), [60.0, 57.8, 57.2, 51.7, 51.5, 

51.2, 51.0 (×2), 50.9 (×2)] (CH2--N), 39.3 (CH-β-N), 37.0 

(CH2PhNH2), 28.3 (CH3 ×9), 24.9 (CH2-β-N). ESI-HRMS (posi-

tive) m/z calcd. for [C
42

H
68

N
5
O

6
]+, 738.5164; found 738.5175 

[M+H]+. 

Compound 3 
Compound 2 (135 mg, 0.183 mmol) was dissolved in EtOH (20 

mL) and palladium on activated charcoal 10% (0.200 g) was added 

to the solution. The mixture was stirred under a hydrogen atmos-

phere for 18 h. The mixture was filtrated through Celite and the 

solvent was evaporated under reduced pressure to give compound 

3 as a colorless oil (113 mg, 95%). 1H NMR (300 MHz, CD3CN, 

25°C) δ 6.96 (d, J = 8.1 Hz, 2H, CHAr PhNH2), 6.72 (d, J = 8.1 Hz, 

2H, CHAr PhNH2), 4.90 (br s, 2H, PhNH2), 3.52-3.16 (m, 4H), 3.16-

2.72 (m, 8 H), 2.72-2.48 (m, 5H), 2.47-2.19 (m, 5H), 2.19-1.98 (br 

s, 1H, NH), 1.85-1.58 (m, 3H), 1.58-1.28 (m, 28H). 13C Jmod NMR 

(75 MHz, CD3CN, 25°C) δ 170.5 (CO ×3), [144.3, 130.0] (CAr 

PhNH2), [129.7, 115.7] (CHAr PhNH2), [82.0, 81.5, 80.6] 

(C(CH3)3), [60.9, 60.7 (×2), 57.1, 56.3, 55.6, 54.1, 50.7, 49.3, 48.6, 

46.6] (CH2--N), 38.8 (CH2PhNH2), 38.7 (CH-β-N), 27.5 

(CH3 ×9), 22.7 (CH2-β-N). ESI-HRMS (positive) m/z calcd. for 

[C
35

H
62

N
5
O

6
]+, 648.4694; found 648.4693 [M+H]+. 

Compound 4 

Glycosylated arm (125 mg, 0.153 mmol) in dry CH3CN (2 mL) was 

added to the suspension of compound 3 (113 mg, 0.153 mmol) and 

K2CO3 (169 mg, 1.224 mmol) in dry CH3CN (8 mL). The mixture 

was heated to reflux for 4 d. The mixture was then filtrated and the 

solvent was evaporated under reduced pressure. The crude product 

was purified by column chromatography on neutral aluminum ox-

ide (CHCl3/MeOH 100:0 to 95:5) to afford compound 4 as a color-

less oil (144 mg, 68%). 1H NMR (500 MHz, CDCl3,25°C) δ 8.02 

(d, J = 7.5 Hz, 2H, CHBz), 7.96 (d, J = 7.0 Hz, 2H, CHBz), 7.89 (d, 

J = 7.5 Hz, 2H, CHBz), 7.82 (d, J = 7.0 Hz, 2H, CHBz), 7.55-7.25 

(m, 12H,CHBz), 6.95 (d, J = 8.5 Hz, 2H,CHAr PhNH2), 6.58 (d, J 

= 8.5 Hz, 2H, CHAr PhNH2), 5.90 (t, J = 8.0 Hz, 1H, CHGlu), 5.67 

(t, J = 8.0 Hz, 1H, CHGlu), 5.52 (dd, J = 9.5, 8.0 Hz, 1H, CHGlu), 

4.83 (d, J = 8.0 Hz, 1H, CHanoGlu), 4.63 (dd, J = 12.5, 3.5 Hz, 1H, 

CH2OH Glu), 4.50 (dd, J = 12.5, 5.0 Hz, 1H, CH2OH Glu), 4.15 

(m, 1H, CHGlu), 3.90 (m, 1H, CH2-OGlu), 3.53 (m, 3H, CH2-OGlu 

(1H), PhNH2), 3.30-3.15 (m, 6H, CH2--CO ×3), 2.90-2.20 (m, 

20H, CH2--N + CH2PhNH2), 1.89 (m, 1H, CH-N), 1.62-1.30 (m, 

33H), 1.25-0.95 (m, 12H). 13C Jmod NMR (125 MHz, CDCl3, 

25°C) δ [171.3 (×2), 171.1, 166.2, 165.8, 165.2, 165.1] (CO), 143.9 

(CArPhNH2), [133.4, 133.2, 133.1, 133.1] (CHArBz), 131.3 

(CArPhNH2), 130.0 (CHAr PhNH2), [129.83, 129.77 (x3)] 

(CHArBz), [129.6, 129.4, 128.8 (×2)] (CArBz), [128.4, 128.35 (×2), 

128.29] (CHArBz), 115.1 (CHAr PhNH2), 101.3 (CHanoGlu), 80.6 

(C(CH3)3 (×3)), [72.9, 72.2, 71.9] (CH Glu), 70.4 (CH2--OGlu), 

69.9 (CHGlu), 63.3 (CH2-OBz), [58.2, 57.93, 57.87, 57.79, 57.3, 

55.9, 51.7, 51.6, 51.2 (×3), 50.8] (CH2--N), 39.3 (CH-β-N), 37.0 

(CH2PhNH2), [29.7, 29.6, 29.5, 29.4, 29.2] (CH2 fatty chain), 28.2 

(CH3×9), [27.6, 27.5, 25.8] (CH2 fatty chain), 24.8 (CH2-β-N). 

ESI-HRMS (positive) m/z calcd. for [C79H108N5O16]+, 1382.7785; 

found 1382.7782 [M+H]+. 

Compound GluCAB-2NH2 

Compound 4 (209 mg, 0.151 mmol) was dissolved in 2 mL of a 

mixture of aqueous KOH (1M) and EtOH (1:1). The solution was 

heated to 80°C for 20 h. The solvent was evaporated under pressure 

and the crude product was purified by a reverse phase C18 HPLC-

chromatography (H2O/CH3CN from 0 to 80% of CH3CN). Frac-

tions were collected and lyophilized to give compound GluCAB-

2NH2 under its potassium salt as a white powder (69 mg, 0.076 

mmol, 50%). 1H NMR (500 MHz, D2O, 25°C) δ 7.08 (d, J = 8.4 

Hz, 2H, CHAr PhNH2), 6.82 (d, J = 8.4 Hz, 2H, CHAr PhNH2), 4.45 

(d, 1H, J = 8.0 Hz, CHano), 3.98-3.83 (m, 2H, CH2--OGlu), 3.74-

3.62 (m, 3H), 3.55 (d, J = 16.7 Hz, 1H), 3.49 (d, J = 9.1 Hz, 1H), 

3.47-3.41 (m, 2H), 3.41-3.35 (m, 2H), 3.34 (s, 2H), 3.30-3.19 (m, 

6H), 3.19-3.04 (m, 7H), 2.95 (m, 3H), 2.78 (s, 1H), 2.66 (s, 3H), 

2.50 (m, 2H), 2.40 (br s, 1H), 2.05 (br s, 1H) 1.80-1.50 (m, 5H), 

1.39-1.24 (m, 12H). 13C Jmod NMR (125 MHz, D2O, 25°C) δ 182.0 

(CO ×3), 147.5 (CArPh), 132.9 (CHAr PhNH2), 132.2 (CArPh), 119.5 

(CHAr PhNH2), 105.0 (CHanoGlu), [78.7 (×2), 76.0] (CH Glu), 74.0 

(CH2--OGlu), 73.5(CH Glu), 63.6 (CH2OHGlu), [56.2-38.4] (co-

alescence phenomenon in the range of CH2-α-N and CH-α-N sig-

nals), [31.6, 31.3, 31.2, 31.2, 30.9, 28.6, 27.9] (CH2 fatty chain), 

23.7 (CH2-β-N). ESI-HRMS(positive) m/z calcd. for 

[C39H68N5O12]+, 798.4859; found 798.4842 [M+4H]+. 

 

General procedure for 64Cu-labeling ofGluCAB-2NH2 

In NH4OAc Buffer: A solution of[64Cu]CuCl2 (20L, 0.4 equiv, 

20-40 MBq) was added to a solution of GluCAB-2NH2 (1 equiv) in 

NH4OAc buffer (50 L, 0.1 M) and Milli-Q H2O (30 L). The pH 

was adjusted to 3.5 by addition of NaOH (2 M) and HCl (0.6 M) 

and the reaction was heated for 30 min at 90°C. The solution was 

then purified by C18 cartridge and dried under argon.  

In PBS Buffer: A solution of[64Cu]CuCl2 (20 L 0.4 equiv, 20-40 

MBq) was added to a solution of GluCAB-2NH2 (1 equiv) in PBS 

buffer (80 L, 0.01 M) The reaction was then heated 20 min at 

45°C. The solution was then purified by C18 cartridge and dried 

under argon. 

 

Maleimide coupling reaction and synthesis of 

[64Cu]Cu-Glu-CAB-2Mal 

Method A – Post-labeling conversion: A solution of[64Cu]CuCl2 

(25.3 L, 25.3 MBq, 0.4 equiv) was added to a solution of Glu-

CAB-2NH2 (0.70 mg, 0.87 mol) in NH4OAc buffer (50 L, 0.1 M) 

and Milli-Q H2O (25 L). The pH was adjusted to 3.5 by addition 

of NaOH (2 M) and HCl (0.6 M) and the reaction was heated 30 

min at 90°C. The solution was then purified by C18 cartridge and 

dried under argon. The residue was dissolved in PBS (200 L, 

0.01M) and 4-Maleimidobutyric acid-N-hydroxysuccinimide es-

ter(0.442 mg, 2 equiv) solubilized in DMF (4.42 L) was added to 

the solution. The reaction was stirred 1h15 at 25°C, purified by C18 

cartridge and dried under argon. The residue was dissolved in PBS 

buffer (180 L, 0.01 M) and the radiochemical purity was evalu-

ated by radio-HPLC. 

Method B – Pre-labeling conversion: 4-Maleimidobutyic acid-N-

hydroxysuccinimide ester (1.88 mg, 6.70 mol,5 equiv) solubilized 

in DMF (18.8 L) was added to a solution of GluCAB-2NH2(0.72 

mg, 1.34 mol) in a PBS buffer (381.2 L, 0.01 M, pH 7.4). The 

solution was stirred 1h30 at 45°C. The solvent was then evaporated 

under air flow. The residue was then solubilized in PBS buffer 

(171.9 L, 0.01 M, pH 7.4) and the solution of [64Cu]CuCl2 (28.1 

L, 28.1 MBq, 0.4 equiv) was added. The reaction was heated at 

45 °C for 30 min then filtered and purified by C18 cartridge. The 

solvent was evaporated under air flow. The residue was dissolved 

in PBS buffer (200 L, 0.01 M) and the radiochemical purity was 

evaluated by radio-HPLC. 

General procedure for “ready-to-label” GluCAB-2Mal kit 

4-Maleimidobutyic acid-N-hydroxysuccinimide ester (5 equiv) 

was solubilized in a small volume of DMF and added to a solution 

of GluCAB-2NH2 (1 equiv) in a PBS buffer (400 L, 0.01 M, pH 



 

7.4). The solution was stirred for 90 min at 45°C and then purified 

by C18 cartridge. The solution was dried under argon and redis-

solved in PBS buffer (0.01 M, pH 7.4). The solution was then di-

vided in several vials (150 to 600 g of GluCAB-2Mal per vial) and 

lyophilized. 

 

In vitro stability tests 

EDTA transchelation assay 
The stability of the radiolabelled metal-chelator complex was de-

termined by evaluating the transchelation of 

[64Cu]Cu-Glu-CAB-2NH2 with ethylenediaminetetraacetic acid 

(EDTA) according to a previously described method.50 The radio-

labelled compound (10 L, 5 MBq) was diluted with 0.01 M PBS 

(890 L, pH 7) and 0.05 M EDTA (100 L, 25 equiv) added. After 

shaking briefly, the mixture was incubated at room temperature 

with a sample (50 L) being drawn at 10, 60 and 120 min for radio-

HPLC analysis (conditions as described). 

Protein Binding and Serum Stability 
The serum protein binding and stability of [64Cu]Cu-GluCAB-1Mal-

was previously reported.23 The serum protein binding and stability 

of [64Cu]Cu-GluCAB-2NH2 and [64Cu]Cu-GluCAB-2Malwas evalu-

ated according to the method as described.51 Briefly, the desired 

radiolabelled compound ([64Cu]Cu-GluCAB-2NH2 (50 L, ~ 

3 MBq) or [64Cu]Cu-GluCAB-2Mal (50 L, ~ 1 MBq) was added to 

serum (450 L) at 37 °C and incubated over 24 h. Serum samples 

(100 L) were drawn at 0, 1, 2 and 24 h after addition of the com-

pound. Serum proteins were precipitated by addition of cold ace-

tonitrile (500 L) followed by centrifuging for 5 min at 6000 rpm 

(Hettich EBA 20; A. Hettich GmbH & Co, Tuttlingen, Germany). 

The supernatant was withdrawn and the protein pellet was washed 

with acetonitrile (100 L). For protein binding analysis, the activity 

of the pellet and supernatant (combined with the wash) was meas-

ured using automated gamma counting (Hidex AMG LabLogic, 

Turku, Finland). All measured activities were decay-corrected and 

the protein binding expressed as a percentage of the total activity 

measured. The protein binding studies were done in triplicate and 

the data reported as the mean ± standard deviation (SD). For serum 

stability, the supernatant of the sample was diluted with MilliQ wa-

ter (500 L) and analyzed by radio-HPLC (conditions as de-

scribed). 

 

In vivo and ex vivo studies 

Radiolabeling of GluCAB-2Mal kit for in vivo studies 

GluCAB-2Mal (150 g, 174 nmol) (“150 g kit”) was solubilized in 

Milli-Q H2O (25 L) and then PBS buffer (125 L, 0.01 M, pH 

7.4) was added. The solution of [64Cu]CuCl2 in HCl 0.1M 100 L, 

100 MBq) was added and the pH adjusted to 7.4 with a solution of 

NaOH (2 M). The reaction was heated 30 min at 45 °C and then 

purified by C18 cartridge. The solvent was evaporated under air 

flow and solubilized again in PBS buffer (750 L, 0.01 M, pH 7.4) 

for in vivo injection.  

In vivo characterization of [64Cu]Cu-GluCAB-1Mal, 

[64Cu]Cu-Glu-CAB-2NH2 and [64Cu]Cu-GluCAB-2Mal 

Ethical approval for the in vivo study was gained from the North 

West University Animal Research Ethics Committee (NWU-

AnimCareREC) and conducted in accordance with the South Afri-

can guidelines – SANS 10386: The use of laboratory animals for 

research purposes. 

Animal preparation and compound administration: Allograft 

E0771 breast cancer C57/BL6 mice (female, 6-8 weeks, 16 – 20 g; 

inoculated in the upper mammary fat with 1 x 106 cells; average 

tumor volume of 291 ± 91 mm3) were obtained from the Pre-Clin-

ical Drug Development Platform (PCDDP) Vivarium, North West 

University (Potchefstroom, SA) and allowed a 7-day acclimatisa-

tion period before commencement of study. The mice (n = 5 per 

group) were administered intravenously into the tail vein with 0.1 

- 0.15 mL of the compounds as follows: [64Cu]Cu-GluCAB-1Mal 

9.18 MBq ± 0.42 (0.49 MBq/g mouse), [64Cu]Cu-GluCAB-2NH2 

10.84 MBq ± 6.00 (0.62 MBq/g mouse) and 

[64Cu]Cu-Glu-CAB-2Mal 7.21 MBq ± 0.77 (0.40 MBq/g mouse). 

The animals were anaesthetized for microPET/CT imaging using 

isoflurane in oxygen (3 - 4% for induction and 2 – 2.5% for mainte-

nance).  

MicroPET/CT image acquisition, reconstruction and data quanti-

fication: Functional molecular imaging of the 3 out of 5 injected 

mice per group was performed using a small animal PET/CT cam-

era (NanoScan PET/CT, Mediso Medical Imaging Systems, Buda-

pest, Hungary) at 1, 2, 6 and 24 h post-injection. Animals were 

placed in the prone-head first position. CT XRay scans were com-

pleted as follows: 300 s, 360 projections in semi-circular mode, 

max FOV, binning – 1:4, Reconstruction (Nucline software (Med-

iso Ltd, Budapest, Hungary)): medium voxel size, medium slice-

thickness, cosine filter. PET images were acquired using the fol-

lowing settings: 20 min, 1-bed position and reconstruction com-

pleted using list mode: 3D OSEM, coincidence mode – 1-5 with 

detector normalization and corrections for random events. Coreg-

istered PET/CT images in the axial, coronal and sagittal orientation 

as well as maximum intensity projections (MIP) were visualized 

and analyzed using InterView Fusion software (Mediso Ltd, Buda-

pest, Hungary). The images were normalized (low 0.0; high 4.0) to 

allow for comparison between different time points and between 

the three compounds. Semi-quantification of the activity in the or-

gans was obtained through 3D-volumes of interest (VOI) drawn 

around the specified area and expressed as the mean standardized 

uptake value (SUV) (g/mL). These values were used to generate 

image-guided time-activity-curves for compound biodistribution in 

the organs over the 24h period. 

Ex vivo biodistribution of [64Cu]Cu-GluCAB-1Mal, 

[64Cu]Cu-Glu-CAB-2NH2 and [64Cu]Cu-GluCAB-2Mal 

After completion of the final image acquisition at 24 h p.i, for the 

[64Cu]Cu-GluCAB compounds, the animals were euthanized by an-

esthesia overdose followed by decapitation. Blood was immedi-

ately collected into a pre-weighed serum separator tube (SST-

Vacutainer)(Becton, Dickinson and Company, Franklin Lakes, NJ, 

USA) and the serum separated by centrifugation (5 min; 6000 rpm; 

Hettich EBA 20; A. Hettich GmbH & Co, Tuttlingen, Germany). 

The animals were dissected, organs collected (pre-weighed plastic 

vials) and all samples measured using an automatic gamma 

counter (Hidex AMG LabLogic, Turku, Finland). The 

counts/MBq, for correlation of the injected dose activity to the 

activity measured on the HIDEX, was determined using a stand-

ard dilution of 64Cu-activity (100, 200 and 500 μL). This value 

was then used to express the organ activity as a decay-corrected, 

percentage of the injected dose per gram of tissue (%ID/g). 
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